The penetration of spherical and rod-like gold nanoparticles into human skin is reported. Several skin preparation techniques are applied, including cryo techniques, such as plunge freezing and freeze drying, and the use of wet cells. Their advantages and drawbacks for observing nanoparticle uptake are discussed. Independent of the particle shape no uptake into intact skin is observed by a combination of imaging approaches, including scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), and scanning X-ray microscopy (STXM). These results are discussed along with suitable skin preparation approaches. Experiments on barrier-disrupted skin, i.e. mechanical lesions made by pricking, indicate, however, that gold particles can be identified deep in the dermis, as follows from STXM studies on wet skin samples.
INTRODUCTION
The use of gold nanoparticles for biomedicine applications has been reviewed recently [1] . Of specific interest are their size-and shape-dependent optical properties, which make these particles interesting for numerous applications beyond life sciences, i.e. photonics and nanoplasmonics including technological applications. In the field of life science it is important that small gold nanoparticles can be probed in biological matter, as has been reported for electron microscopy approaches [2] . Complementary to electron microscopy is X-ray microscopy, which combines high spatial resolution with chemical selectivity, which was recently reviewed by Lawrence et al. [3] . The X-ray contrast of gold has been successfully used for probing the uptake of silica nanoparticles into human skin [4] . In this study, a gold core or gold shells provided the chemical contrast that is required to probe single silica nanoparticles in human skin.
There is general agreement that the uppermost horny layer, the stratum corneum (SC), provides sufficient protection so that nanoparticles can neither be taken up into deeper skin layers nor into the organisms [5] [6] . Previous work also highlighted the question, if there are changes in uptake behavior of functionalized silica nanoparticles into skin, if the SC is weakened by tape stripping or by induced allergic dermatitis models [7] [8] . Furthermore, the role of hair follicles has been discussed regarding a possible uptake route of nanoparticles and for drug delivery applications [9] .
In this study we report on recent results on the uptake of isotropic, i.e. spherical, and anisotropic, i.e. rod-shaped, gold nanoparticles into intact and mechanically damaged human skin samples. The motivation of this work is to complement recent work on functionalized silica nanoparticles, which have indicated that intact as well as even tape-stripped skin and induced allergic dermatitis models do not show any evidence for nanoparticle uptake [7] [8] .
METHODOLOGY

Synthesis and characterization of gold nanoparticles
Cetyl trimethylammonium bromide (CTAB)-coated rod-like gold nanoparticles were prepared by a reported procedure [10] . Subsequently, negatively charged polystyrene sulfonate (PSS) chains were wrapped around the particles as described in detail by Pastoriza-Santos et al. [11] . Subsequently, the gold nanorods were purified by repeated centrifugation and redispersion in ultrapure water to remove excess CTAB. Mostly spherical, citrate-coated gold nanoparticles in aqueous dispersion were obtained from BBI Solutions (Cardiff, UK) and were used as received. Both samples were characterized by electron microcopy using a Hitachi SU8030 SEM in the STEM mode operating at an acceleration voltage of 30 kV and after adjusting the gold concentration to 3.0±0.1 g/L by dynamic light scattering and zeta potential measurements (Delsa Nano C) [12] .
Preparation of skin samples
Human skin explants from the abdomen were obtained from patients undergoing plastic surgery, after their approved consent and approval by the ethic committee of the Charité Universitätsmedizin Berlin (Germany). The human skin explants were pricked with a lancet, whereas control samples remained untreated. Aqueous dispersions of the gold nanorods or gold nanospheres (3.0±0.1 g/L) were dropped on the skin samples, homogenously distributed, and incubated for 18 h. Subsequently, the top layers of the stratum corneum were removed by tape-stripping with five tapes. Skin pieces of 3 mm x 3 mm were cut for the investigations.
The skin blocks were plunge frozen in liquid ethane and subsequently placed in a tissue freezing medium (Leica Microsystems, Germany). These samples were then cut at -20°C to slices of 3-5 µm thickness using a microtome (2800 Frigocut-N, Reichert-Jung, Heidelberg, Germany). Two different procedures were applied for preparing samples for microscopy studies: (i) The frozen samples were then transferred on double folding mesh Cu-TEM grids (Plano) for investigations by cryo-SEM at -130°C. The samples were freeze-dried in the SEM by step-wise raising the temperature from -130°C to room temperature at p ~ 10 −3 Pa, and finally they were investigated as dried samples at the same pressure by scanning transmission X-ray microscopy (STXM) [4] ; (ii) The frozen samples were transferred to a silicon nitride membrane windows (Silson, UK), warmed up to room temperature, fixed with 2% paraformaldehyde (PFA), and covered with a second silicon nitride grid. Then, the samples were sealed by nail polish and investigated in a helium atmosphere (p = 5·10 4 Pa) by STXM.
Cryo-Scanning Electron Microscopy (Cryo-SEM) experiments
Cryo-SEM was carried out using a Hitachi SU 8030 SEM, equipped with a Gatan Alto 2500 cryo-transfer system and an Oxford X-Max 80 mm 2 EDX detector. Frozen skin sections on TEM grids were mounted onto the cryo-transfer holder in a liquid nitrogen bath, and were then transferred into the -130°C cooled preparation chamber of the Gatan Alto 2500 under vacuum conditions (p≈10 −3 Pa). Superficial ice was removed by sublimation (t≈3 min) at a temperature of -100°C at ~10 −3 Pa. Subsequently, the sample was cooled to ~ -130°C, and examined at an accelerating voltage of 10 kV at -130 °C. EDX measurements were carried out under the same conditions. Finally, the samples were transferred back into the preparation chamber and the temperature was step-wise increased to room temperature. The samples were studied again by SEM in order to identify possible damage during this drying procedure.
Scanning Transmission X-Ray Microscopy (STXM) experiments
The measurements were performed on the PolLux scanning transmission soft X-ray microscopy (STXM) microscope at the Swiss Light Source (see ref. [4] for details). The samples were mounted vertically on a high-precision piezoelectric stage and scanned in order to take two-dimensional images of the samples. The instrument is operated under vacuum (10 -1 Pa) or in a helium atmosphere (p = 5·10 4 Pa) in order to minimize the X-ray absorption by air in the soft X-ray regime, as well as to avoid sample contamination. All images were recorded below the O 1s regime at 510 eV. This provides strong X-ray absorption contrast by the gold nanoparticles. 
RESULTS DISCUSSION
Synthesis and characterization of gold nanoparticles
Mainly rod-like nanoparticles with a high aspect ratio were obtained as described in Section 2.1 (see Figure 1 (A) and TEM data in Table 1 ). The sample contains also a small amount (< 5%) of spherical and prismatic-triangular particles. The subsequent surface coating with PSS does not influence the size, shape, and colloidal stability of the particles but turns their zeta potential from positive into highly negative values (cf. Table 1) , which is known to enhance the cell uptake [12] . Note that in this coating procedure CTAB was not removed from the surface as no ligand exchange, rather than an electrostatic adsorption process took place. However, excess free CTAB was significantly removed by copious purification of the particles, so that the concentration of free CTAB is expected to be negligible. The citrate-coated gold nanoparticles from the commercial supplier BBI Solutions (Cardiff, UK) were almost spherical in shape. However, a significant fraction of ~ 8% of prismatic-triangular and slightly elongated nanoparticles was also present (see TEM image in Figure 1 (B) ). These particles are nearly monodisperse and have as a high colloidal stability (see Table 1 ).
Skin sample preparation and characterization
Human skin explants were either pricked or left untreated before they were incubated for 18 h with aqueous dispersions of the nanoparticles. This allowed us to investigate the uptake of differently shaped, negatively charged gold nanoparticles in intact and barrier-disrupted human skin samples. A superficial tape strip was finally applied in order to remove all particles which have not penetrated the top layers of the stratum corneum.
The aim of the present work was to determine the penetration efficiency of differently shaped nanoparticles in human skin. This required on the one hand high spatial resolution, which is ideally combined with chemical contrast allowing to identify chemical changes at and close to the nanoparticles as well as possible changes of tissue and cells. On the other hand, the tissue should be as less influenced as possible by the preparation process. We have applied for this work the label-free approaches SEM and STXM, which require no staining of the sample. SEM has the advantage of a higher spatial resolution than STXM (1 nm for SEM at room temperature and about 5 nm for cryo-SEM, respectively, as compared to ~15 nm for STXM). However, chemical contrast is relatively low due to energy resolution of EDX, which is used along with SEM. This allows us to distinguish different chemical elements but there is no chemical contrast for compounds consisting of the same elements. Moreover, SEM requires high vacuum and, hence, tissue samples are usually investigated as cryogenic samples at low temperatures (-130°C). Alternatively, dried or resin-embedded samples can be studied by SEM. In contrast, STXM has a lower spatial resolution (~15 nm) than SEM but X-ray spectromicroscopy provides a significantly higher chemical contrast than EDX. This allows for identification of different chemical compounds or chemical transformations, if the photon energy is tuned across near-edge spectra [3] . In addition, STXM allows for the investigation of wet samples since measurements in a helium atmosphere at relatively high pressure are feasible to perform. By contrast, wet samples cannot be easily investigated by SEM, so that there is a complementarity of both approaches. Note that cryo-STXM is not routinely available at all synchrotron radiation facilities (cf. [13] ), so that the present work was performed at ambient temperature. Moreover, STXM requires thin samples, which have typically a thickness of a few µm or less. Such samples can be only obtained from slicing frozen skin or fixed skin embedded in resin. Embedding skin in resin may cause dislocation of nanoparticles during the preparation process, whereas freezing and thawing the sample may damage cells and tissue. Consequently, two different strategies were applied in this work to investigate the uptake of the nanoparticles in the skin by high resolution microscopy techniques, where the advantages and disadvantages of each approach are briefly elucidated: (i) The skin samples were plunge-frozen at -130°C, which guarantees minimal damage of the cells. The samples were subsequently carefully warmed up to -20°C for slicing. Then they were again cooled down to -130°C for the investigation by cryo-SEM. Subsequently, the samples were freeze-dried and studied again by SEM so that identical samples were also investigated by STXM. In this way, exactly the same skin areas can be investigated by SEM and STXM. Notably, the SEM samples were not sputtered with platinum, since this would impede freeze-drying as well as any investigation by STXM. Furthermore, Pt and Au have nearly identical EDX spectra and cannot be distinguish from each other by EDX; (ii) The skin samples were also plunge-frozen at -130°C and sliced at -20°C but then they were warmed up, fixed, and investigated as wet samples in a sealed cell at room temperature in a helium atmosphere by STXM. In this case, SEM investigations on the same samples studied by STXM could not be carried out.
Cryo-Scanning Electron Microscopy (Cryo-SEM) and Scanning Transmission X-Ray Microscopy (STXM) experiments on frozen and freeze-dried skin samples
Figure 2 (A) shows a typical image of intact frozen skin at -130°C that was exposed to gold nanorods. The stratum corneum (SC) as well as the cells in the epidermis (E) can be easily identified. Since the gold nanorods are rather thin (20 nm, cf. Table 1 ) and mostly not oriented with their longitudinal axis parallel to the image plane, it is hard to identify single rods by this approach. Therefore, EDX measurements were carried out. In Figure 2 (A) no gold could be detected by EDX, which is in agreement with earlier results indicating that nanoparticles in this size range (50 nm diameter and larger) cannot penetrate through the intact stratum corneum [4] . Figure 2 (B) shows another area of the same skin sample where a deep prick site (P), i.e. mechanical damage of the skin, is present. An EDX analysis of this image shows that a significant amount of gold, i.e. gold nanorods, is present in this area (see Figure 3 (C) ). Note that C and O are detected by EDX, as well (see Figure 2 (B)), which comes mostly from the skin sample. The Cu and Zn signals originate from the Cu TEM grid and the sample holder. Both signals are even present if no skin sample is present in the SEM chamber. Figure 3 (A) shows a cryo SEM image of pricked skin where a significant amount of gold nanospheres is present as it is proven by the corresponding EDX spectrum of this area (see Figure 3 (B)). This sample was then carefully freeze-dried for the subsequent STXM measurements. However, the freeze-drying procedure significantly damaged the skin (see TEM image in Figure 3 (C) ). The skin shows numerous holes because sublimation of ice leads to damage of the cell Before the freeze-drying it was impossible to investigate this area by TEM because it was not sufficiently transparent for this technique and, hence, the skin sample appeared to be opaque for the electron beam. This sample was then investigated by STXM (see Figures 2 (D)-(F) ) and indeed gold nanospheres could be identified (see small spheres in Figure 2 (F)) at the skin surface in the stratum corneum. However, in other parts of this sample no gold nanoparticles where found by STXM. Subsequent EDX studies provided evidence for the fact that during the freeze-drying process gold nanoparticles got lost. Consequently, the freeze-drying approach is not well-suited for preparation of skin samples for STXM studies, whereas the combined SEM/EDX studies appeared to be a useful approach for locating areas containing gold nanoparticles in skin. 
Scanning Transmission X-Ray Microscopy (STXM) experiments on wet skin samples
Native skin samples were investigated in a wet cell containing a helium atmosphere, since the freeze-drying approach was not advantageous for STXM studies, as outlined in the previous Section. The samples were initially characterized by optical microscopy (see Figure 4 (A) ) and then regions of interest were imaged by STXM (see Figure 4 (B) and 4 (C)).
In the STXM images gold nanorods could be clearly identified inside the prick site, i.e. the mechanically-induced lesion of skin. This is due to the fact that the stratum corneum is damaged and the other skin layers do not provide a barrier for transport of the nanorods. As a result, the nanoparticles may diffuse without significant hindrance into the skin.
dermis ept Figure 4 . (A) Optical microscopy image and (B) and (C) STXM images at E = 510 eV of pricked human skin incubated for 18 h with gold nanorods. The sample was investigated in a wet chamber at ambient temperature in a helium atmosphere. STXM allows for the identification of single gold rods in the stratum corneum (see images (C)).
It was also investigated whether the gold nanorods can penetrate deeper into the epidermis or dermis, if they have passed the stratum corneum at the prick site. This situation models the case of mechanical skin injuries, which come into contact with dispersions of inorganic nanoparticles, such as nanoparticle-based sunscreens. Therefore, two areas near the injury which are located at approximately 100 and 50 µm away from the prick site (P) (see Figure 5 (A), insets 1 and 2) were studied in greater detail. Indeed, gold nanorods could be found in these areas that are located in the dermis (see Figure 5 (B) and 5 (C)) for area 1 as well as Figure 5 (D) -(F) for area 2. These results demonstrate that gold nanorods can be identified in regions that are located deep in the dermis, as probed by high resolution STXM. Figure 4 where gold nanorods penetrate deep into the dermis below the injury caused by pricking (P) of the skin, i.e. stratum corneum (SC) and parts of the viable epidermis. Image (A) shows an overview, the images (B) and (C) are enlarged views of area 1, the images (D), (E), (F) show enlarged views of area 2. STXM allows for the identification of gold rods in the dermis (see arrows in images (C) and (F)).
CONCLUSIONS
The uptake of differently shaped gold nanoparticles is investigated by scanning electron and X-ray microscopy. Evidence is provided for the result that neither the particle size nor the shape are of importance for the efficient transfer through the skin barrier, which is provided by the stratum corneum. It is shown that only massive mechanical damage of the skin barrier by pricking leads to the uptake of nanoparticles into the dermis. We have shown that skin preparation is of crucial importance for investigating the uptake of nanoparticles by scanning electron and X-ray microscopy. In general, advanced cryo sample preparation techniques are advantageous for avoiding the manipulation of biological tissue samples by embedding in resins. It is shown that freeze drying of the skin samples is associated with the problem that nanoparticles may get lost. It is also shown that pricked skin samples studied by X-rays microscopy in wet cells are able to probe the penetration of nanorods in the dermis with high spatial resolution along with chemical contrast provided by tunable X-rays. Finally, it is pointed out that X-ray microscopy appears to be a promising approach for studying not only penetration of inorganic nanoparticles, but also drug delivery processes of substances and drug carriers that can penetrate the intact or damaged skin barrier. This is essentially due to the chemical selectivity of this method.
